The membrane-bound, 26000-Mr penicillin-binding protein of Streptomyces K15 has been isolated in the form of an effective, penicillin-sensitive D-alanyl-D-alanine-cleaving peptidase exhibiting high transpeptidase activity (>95%) and very low carboxypeptidase activity (<5%). The penicillin-binding protein/transpeptidase can be extracted directly from the mycelium with N-cetyl-NNN-trimethylammonium bromide (Cetavlon) and subsequently obtained at 90% purity and with an 8000-fold specific enrichment (when compared with the activity of the isolated membranes) by a two-step procedure involving Sephadex filtration and affinity chromatography on ampicillin-linked CH Sepharose 4B in the presence of detergent. At saturating concentrations of the co-substrates diacetyl-L-Lys-D-Ala-D-Ala and Gly-Gly, the catalytic-centre activity is about 0.3 s-'.
strains have an atypical PBP pattern characterized by the presence of a predominating 26 000-Mr PBP. Strong experimental evidence has suggested that, at least in Streptomyces R6 1, this 26 000-Mr PBP is the penicillin-sensitive transpeptidase. The present paper describes the isolation to 90% purity of the membrane-bound, 26 000-Mr PBP of Streptomyces K 15 in the form of an effective D-alanyl-D-alaninecleaving transpeptidase.
Materials and methods ,B-Lactam compounds
Benzylpenicillin was purchased from Rhone Poulenc, Paris, France, ampicillin from Bristol Benelux S.A., Brussels, Belgium, and ['4Clbenzylpeni-cillin (sp. radioactivity 51 Ci/mol) from The Radiochemical Centre, Amersham, Bucks., U.K. fJ-Iodopenicillanic acid was a gift from Pfizer Central Research, Sandwich, Kent, U.K.
Protein estimation
The samples (membranes or protein solutions) were hydrolysed with 6 M-HCI at 100°C for 20h and the free amino groups were estimated after dinitrophenylation (Frere et al., 1973) . All the data given below were obtained with this procedure except those concerning the fraction of KD 0.45, in 0306-3275/82/100109-07$01.50/1 (© 1982 The Biochemical Society M. Nguyen-Disteche, M. Leyh-Bouille and J.-M. Ghuysen which case the protein concentrations were determined by measuring A260 and A280 values (Kalckar, 1947 The affinity chromatography reagent was prepared as described by Coyette et al. (1978) ; it contained about lO,umol of linked ampicillin/ml of packed resin (hydroxamate assay). Fraction KDO.45 (20 mg of protein) was mixed with 2.5 ml (packed volume) of ampicillin-linked CH Sepharose 4B in lOml (final volume) of 7.5 mM-potassium phosphate buffer, pH7.5, containing 0.0125% Cetavlon. The suspension was stirred gently for 15min at 220C, poured in a small column and the column was washed at 220C with 20ml of 30mM-potassium phosphate buffer, pH 7.5, containing 0.05% Cetavlon. The effluent contained about 10% of the original transpeptidase activity. After further washing with 15 ml of the above phosphate buffer containing 0.05% Cetavlon and 1 M-NaCl, the column, with 90% of the original transpeptidase bound to it, was treated at 220C, with 2.5 ml samples of O.5M-Tris/HCI buffer, pH7.8, containing 0.05% Cetavlon and 1 M-hydroxylamine, successively for 1 min (eluent 1), 2 min (eluent 2), 4 min (eluent 3) and then three times for 10 min each time (eluents 4-6). The eluents were separately dialysed against 30mM-potassium phosphate buffer, pH7.5, containing 0.05% Cetavlon and concentrated by ultrafiltration to about 300,u1.
Measurements of carboxypeptidase and transpeptidase activities
All the reactions were carried out at 370C in 30,1 (final volume) of 1OmM-potassium phosphate buffer, pH 7.5. In the standard procedure, the carboxy- [I4CIGly-Gly (sp. radioactivity 1.9 Ci/mol) (for more details, see Leyh-Bouille et al., 1977) . The transpeptidation/carboxypeptidation ratio expresses the relative efficacy of the enzyme preparations to perform transpeptidase and carboxypeptidase activities. With the purified transpeptidase, the two activities were also estimated by using the co-
Ala (i.e. at a concentration equivalent to the Km value) and 3.6mM-meso-Apm and measuring the (Marquet et al., 1974) .
Results

PBP pattern of the isolated membranes
The plasma membranes of Streptomyces K 15 contained multiple proteins (Fig. 1, track 1 ). At least ten of them bound ['4Clbenzylpenicillin and behaved as PBPs (Fig. 1 , track 2). The most important PBPs had apparent molecular weights of 60000, 54000, 50000 (a doublet), 39000 and 26000 respectively. The two proteins that formed the 50000-Mr doublet showed identical properties with respect to their penicillin sensitivity and thermolability (see below). Saturating experiments (Fig. 2) showed that the 50000-, 54000-and 26000-M, PBPs were halfsaturated at 0.8, 4 and 25, concentrations respectively, and that both 60000-and 39 000-Mr PBPs were not saturated at 6mM-[14C]benzylpenicillin. At 0.3 mM-[ 14C lbenzylpenicillin, the relative abundance of the three penicillin-sensitive 54000-, 50000-and 26 000-Mr PBPs was 12, 33 and 55% respectively (Table 1) . At 6 mM-['4C]benzylpenicillin, the two highly penicillin-resistant 60000-and 39 000-Mr PBPs largely superseded all the other PBPs (Table 1) . A preincubation (before reaction with 114C lbenzylpenicillin) of freshly isolated membranes for 2h at 37°C and pH 7.5 was sufficient to cause the loss of all the PBPs except the 39000-and 26 000-Mr PBPs, which showed thermostability during prolonged incubations (up to 48 h) under these conditions (Fig. 1,  track 3 ). The presence of phenylmethanesulphonyl fluoride (0.33 mM) had no effect. (Fig. 2) at a benzylpenicillin concentration (35 pM) that was very similar to that required to cause half-saturation of the 26000-Mr PBP. In addition, the transpeptidase activity showed high thermostability at 370C and pH7.5. On this basis, in the saturating experiments shown in Fig. 2 Moore & Brammer, 1981) , incubated for 10min at 370C, centrifuged, washed with, and resuspended in, phosphate buffer. At least 80% of the original fi-lactamase was permanently inactivated, whereas the transpeptidase activity (as well as the carboxypeptidase activity) was unmodified. The transpeptidase activity of the f-iodopenicillanate-treated membranes was half-inhibited by 5,uM-benzylpenicillin (Fig. 3) . As shown below, this concentration was that required to inhibit by 50% the purified transpeptidase.
The inhibition by benzylpenicillin of the carboxypeptidase activity of the ff-iodopenicillanatetreated membranes appeared to be biphasic (Fig. 3) , suggesting the presence of two enzymes of different penicillin sensitivities. The highly penicillin-sensitive carboxypeptidase activity was half-inhibited at about 0.2 pM-benzylpenicillin and was thermolabile (after 16h of incubation at 37°C and pH7.5; results not shown). It was tentatively attributed to the 50000-Mr PBP. In turn, the moderately penicillin-sensitive Streptomyces K 1 5 D-alafnyl-D-alanine-cleaving transpeptidase carboxypeptidase activity was half-inhibited at about lOpM-benzylpenicillin and was thermostable (under the same conditions as above). Most likely, at least part of it was attributable to the 26 000-Mr PBP.
Isolation of the 260O0-Mr PBP/D-alanyl-D-alanine-cleaving transpeptidase (Table 2 ) Fraction KD 0.45 was obtained by direct treatment of the mycelium with Cetavlon and filtration of the extract on Sephadex G-100 in the presence of the detergent (see the Materials and methods secton). It had no detectable JJ-lactamase activity and, in agreement with previous studies , it was substantially enriched in transpeptidase activity. From Ac2-L-Lys-D-Ala-D-Ala, it catalysed the formation of 14nmol of transpeptidated tetrapeptide and 1.7 nmol of hydrolysed dipeptide/min per mg of protein (transpeptidation/ carboxypeptidation = 8).
Sodium dodecyl sulphate/polyacrylamide-gelelectrophoresis analysis and microdensitometry measurements of the Coomassie-stained gels (Fig. 1 , track 4) revealed that fraction Kn 0.45 contained essentially only the 39000-and 26000-Mr PBPs occurring in the ratio 0.7 :1. This is in contrast with a ratio of at least 7:1 found in the isolated membranes after reaction with 6mM-[14C]benzylpenicillin and densitometry measurements of the fluorograms. The 39000-Mr PBP was not saturated by 6 mM-benzylpenicillin, whereas the 26 000-Mr PBP was half-saturated and both transpeptidase and carboxypeptidase activities were half-inhibited at very similar (40-15 ,UM) benzylpenicillin concentrations (Fig. 4) . Fraction KD 0.45 also contained trace amounts of a diffused 50000-Mr doublet of PBPs (Fig. 1, tracks 4 and 5) . This latter doublet was distinguished from the 50000-Mr PBP doublet present in the membranes by a low affinity for benzylpenicillin and by a high thermostability. The was fixed on the ampicillin-linked column and about 56% of it was recovered in eluates 1, 2 and 3 ( Fig. 1 . tracks 6-8). These three eluents had virtually the same high specific transpeptidase activity, catalysing the conversion of 250, 220 and 230nmol of tripeptide/min per mg of protein respectively. In turn, eluates [4] [5] [6] (Fig. 1 , tracks 9-11) contained most of the 39 000-Mr PBP that had been absorbed on the affinity column. They exhibited low and decreasing specific transpeptidase activities of 150, 75, 44 and 10 nmol/min per mg of protein respectively. Altogether, they contained 9% of the transpeptidase activity present in fraction KD 0.45.
About 90% of the protein content of eluates 1. 2 and 3 consisted of the 26000-Mr PBP. However. minor amounts of both 50000-Mr PBP doublet and 39000-Mr PBP were still present and occurred in various proportions in different eluates. Eluate 1, for example. contained 3% of the 39000-Mr PBP and 7% of the 50000-Mr doublet PBPs (Fig. 5 ). Varying the temperature (100, 60 and 370C) during pretreatment of the eluate with sodium dodecyl sulphate and mercaptoethanol before sodium dodecyl sulphate/polyacrylamide-gel electrophoresis had no effect on the protein or PBP pattern. Omitting mercaptoethanol during pretreatment at 100°C made it impossible to detect the minor 50000-Mr doublet PBPs by Coomassie staining or fluorography of the gel, but had no effect on the 26 000-Mr PBP (nor the residual 39 000-Mr PBP). Fig. 1 Heating the preparation for 10min at 500C did not affect the enzyme activity nor the penicillin-binding capacity of the protein but removal of Cetavlon by successive filtrations on Sephadex G-100 in buffer not supplemented with the detergent caused irreversible inactivation. Previous assays carried out with a non-purified transpeptidase preparation had shown that the Km values were 4 mm for the carbonyl donor Ac2-L-Lys-D-Ala-D-Ala and 0.2mM for the amino acceptor Gly-Gly. A Km value of 3.6 mm for Ac2-L-Lys-D-Ala-D-Ala was found with the purified 26 000-M, PBP transpeptidase preparation (results not shown). At saturating concentrations of both carbonyl donor and amino acceptor, the tripeptide was utilized at a maximal velocity of 0.66,umol/min per mg of protein, indicating a catalytic-centre activity of about 0.3 s-'.
Discussion
On the basis of the present and previous studies Leyh-Bouille et al., 1977 , Streptomyces K15 possesses a set of at least nine major PBPs. Two PBPs (Mr 54000 and 40000) are excreted into the medium during growth; two PBPs (M, 40000 and 38000) are released from the mycelium during protoplast formation under lysozyme action; and at least five PBPs (Mr 60000, 54000, 50000, 39000 and 26000) are bound to the plasma membrane. All these PBPs show wide variations in their penicillin sensitivity. The four water-soluble (i.e. exocellular and lysozyme-releasable) PBPs, the membrane-bound 26 000-Mr PBP and, probably, the membrane-bound 50000-Mr PBP are D-alanyl-D-alanine-cleaving peptidases catalysing the transfer of the Ac2-L-Lys-D-alanyl group from Ac2-L-Lys-D-Ala-D-Ala to both water (carboxypeptidase activity) and a proper amino nucleophile such as Gly-Gly or meso-Apm (transpeptidase activity). No enzyme activity can be attributed to the membrane-bound 60000-, 54000-and 39000-Mr PBPs, at least with the substrates used. The four water-soluble and probably the membrane-bound 50000-Mr PBPs/peptidases behave mainly as carboxypeptidases. In marked contrast, the membranebound 26000-Mr PBP/peptidase functions almost exclusively as a transpeptidase and continues to do so once it has been solubilized by the cationic detergent Cetavlon. This 26 000-Mr PBP/transpeptidase thus appears to be able to scavenge amino groups present in millimolar concentration in a 55.5 M-H20 medium and to effectively use them as acceptors of the transfer reaction. Another remarkable property of the enzyme is its high thermostability (10min at 500C).
The 26 000-Mr PBP/transpeptidase of Streptomyces species is analogous to the 90000-Mr PBP lB of Escherichia coli (Nakagawa et al., 1979a,b) in several respects. Indeed, this E. coli PBP is a transpeptidase apparently devoid of carboxypeptidase activity (note that as it has been isolated, it also performs a penicillin-insensitive transglycosylase activity); it shows high thermostability and is active in the presence of the anionic detergent sodium dodecyl N-sarcosinate (Sarkosyl). Cetavlon and Sarkosyl are known to be powerful denaturing agents for most enzymes and proteins. Finally, both the Streptomyces 26 000-Mr PBP/transpeptidase (Marquet et al., 1974) and the E. coli 90000-Mr PBP/transpeptidase (Spratt, 1980) seem to play important roles in the life cycle of the corresponding organisms and appear to be important targets for penicillin action.
Direct treatment of the mycelium of Streptomyces K 15 is a much more effective means of isolating the membrane-bound 26 000-Mr PBP/transpeptidase than a procedure involving prior isolation of the plasma membranes. The extracted PBP/transpeptidase can then be isolated to 90% purity by a two-step procedure (Sephadex filtration and affinity chromatography) with a yield of about 50% and, at least, an 8000-fold specific enrichment (when compared with the transpeptidase activity of the isolated membranes).
